Objective: Data on longitudinal seizure outcome after hemispherectomy in children are limited.
Hemispherectomy is an effective surgical option for medically refractory epilepsy in children with multilobar or hemispheric epileptogenic lesions and no or low risk of new neurologic deficits. In published cross-sectional series, the success rate of hemispherectomy varies from 52% to 80%. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Continuous data on the longitudinal seizure outcome and its predictors are limited in this patient population.
Published hemispherectomy series examined correlation between the seizure outcome and the etiology of the epilepsy with little attention to other variables. [1] [2] [3] One study showed poorer prognosis in children with hemimegalencephaly and hemispheric malformations 2 whereas others did not. 1, 3, 5, 11 Two recent studies on the impact of structural abnormalities in the "normal" hemisphere on brain MRI reported conflicting results. 5, 11 Most studies did not provide information on the EEG and imaging abnormalities on the nonoperated hemisphere. [1] [2] [3] [4] All previous studies were crosssectional, lacking the benefit of current statistical methods such as survival analysis and hazard modeling that control for variable follow-up durations, and provide a more realistic assessment of seizure outcomes.
The goals of our study were to 1) examine the longitudinal seizure-freedom rates in the largest cohort of children who underwent hemispherectomy performed by single surgeon (W.B.), and 2) identify the predictors of seizure outcomes. All patients underwent a comprehensive presurgical evaluation using modern diagnostic methods, including a high-resolution brain MRI. We used survival analysis and proportional hazard modeling to estimate the probability of seizure freedom after hemispherectomy over consecutive years, changes (and stability) in the rate of seizure freedom over the duration of follow-up, and the predictors of seizure freedom.
METHODS Patient population and data collection. We collected the data on all consecutive patients aged 18 years or younger who underwent hemispherectomy between January 1997 and June 2009 at the Cleveland Clinic. Demographic, clinical, imaging, and video EEG data were collected. Seizure classification was based on the video EEG documented seizures and/or history. All patients had a high-resolution MRI (coronal magnetization-prepared rapid acquisition gradient echo, T1-sagittal and -axial, and axial and/or coronal T2 and fluid-attenuated inversion recovery sequences). Fluorodeoxyglucose (FDG)-PET was performed after 4 hours of fasting with concurrent EEG for seizure detection. Etiology was determined on the preoperative brain MRI and confirmed by histopathology. The type of hemispherectomy, side of surgery, and presence of acute postoperative seizures (APOS) were noted.
Surgery types. Four different types of hemispherectomy procedures were performed at our center. Functional hemispherectomy (FH) constitutes resection of the central region, mesial and extended lateral temporal lobe with disconnection of the corpus callosum, and anterior frontal and parieto-occipital lobes. A variation of FH involved a peri-insular approach through preexisting encephalomalacia with limited cortical resection followed by complete disconnection through the ventricular system. 12 Modified anatomical hemispherectomy (MAH) involved resection of the cerebral hemisphere but leaving in situ some disconnected cortex that was less affected by the underlying disease process. 13 For example, in hemimegalencephaly with marked involvement of occipital lobe, an MAH typically involved additional resection of the occipital lobe while leaving the disconnected frontal lobe. Anatomical hemispherectomy (AH) consists of complete removal of the hemisphere sparing the thalamus and basal ganglia. The type of surgery was chosen after discussion in a multidisciplinary management conference taking into account multiple factors including the etiology, extent of abnormality, EEG abnormalities, and history of epilepsy surgery. For the purpose of this study, a patient for whom FH had failed, undergoing repeat surgery with removal of frontal and occipital lobes, was considered to have had AH. For patients with .1 surgery, outcome was analyzed from the last surgery.
Follow-up data collection. The primary outcome was time to seizure recurrence defined as any seizure outside the APOS irrespective of the type, severity, or triggers. Postoperative seizures were diagnosed by the epileptologist, and confirmed by video EEG when possible. Patient with APOS (seizures ,7 days after surgery) without recurrence until the last follow-up were considered seizure-free. Our center's usual protocol for postoperative follow-up visits is at 3 and 6 months, and then yearly, with more frequent follow-up in patients with recurrent seizures. Postoperative seizure status was assessed by a structured questionnaire mailed to the families and confirmed against the medical records. In patients who did not respond by mail, the questionnaire was completed by the patient or his or her family over the phone (by authors A.N.V.M. and A.M.) or via a secure online REDCap electronic data capture tool hosted at our center. For patients who could not be reached by the above methods, the seizure outcome was determined from the medical records (n 5 58) until the most recent follow-up. The Engel score at last follow-up was also recorded to detect late remissions.
Ethical approval. The institutional review board at the Cleveland Clinic approved the protocol.
Statistical analysis. Before modeling, the data were summarized with descriptive statistics for each variable including means, medians, and SDs for continuous variables and frequencies for categorical variables. For exploratory purposes, an initial analysis of the data was first performed univariably using Wilcoxon rank sum, x 2 , and Fisher exact tests to compare seizure-free patients with those with seizure recurrence, regardless of follow-up time. This allowed identification of potential prognostic indicators. Variables with a significance level of 10% on initial univariate analysis were then tested in a multivariate Cox proportional hazards regression model. Results were then considered statistically significant at the 5% level. This method allows testing the correlation of specific variables with outcome while considering any interactions and associations among those variables, and their variation with time. Multiple colinearity was addressed by evaluating the covariance of the regression model's parameter estimates, and including needed interaction terms when appropriate. KaplanMeier survival analysis was first used to calculate the probability of seizure freedom in the overall group before any outcome predictor analysis, and later by considering each of the significant risk factors. Statistical significance was tested using the log-rank test and comparison of the 95% confidence intervals (CIs). All statistical analyses were performed using JMP 9.0 (SAS Institute, Cary, NC).
RESULTS One hundred eighty-six patients aged 18 years or younger had hemispherectomy during the study period. Three patients were lost to follow-up after an uneventful acute postoperative period. There was no perioperative mortality. We excluded 13 patients from outcome analysis because families reported spells that were considered nonepileptic on video EEG evaluation; these patients were free of their habitual preoperative seizures. One hundred seventy patients were eligible for outcome analysis. The mean follow-up period was 5.3 years (SD 3.3, median 4.8 years). Eighty-eight children (49%) had a follow-up of $5 years, and 38 (21%) had a follow-up of $8 years. At last follow-up (n 5 170), 112 patients (66%) were seizure-free since surgery (Engel class 1a) 14 and 58 patients (34%) had seizure recurrence (figure 1).
Clinical, imaging, and EEG findings. Clinical, imaging, and scalp EEG findings for the whole cohort, as well as the comparison between the posthemispherectomy seizure-free and seizure-recurrence subgroups are shown in tables 1 and 2. Presurgical seizure burden was similar between the postoperative seizure-free and seizure-recurrence groups. The majority of patients (133/170, 78%) had daily seizures despite receiving multiple antiepileptic drugs (AEDs) before surgery.
The surgical techniques and APOS data are summarized in table 2. Of 26 patients who had prior hemispheric surgery, 23 had FH and 3 had MAH. Two patients had 2 prior FHs, and were finally subjected to AH. Among the various etiologies, children with hemispheric dysplasia or hemimegalencephaly were more likely to undergo AH or MAH compared with patients with other etiologies. Among the 170 patients, 47 of 63 children with hemispheric dysplastic malformation underwent AH or MAH compared with 21 of the remaining 107 patients with other etiologies (p 5 0.0001).
Pathology.
Histopathology confirmed preoperative MRI diagnosis in all patients except one; this patient with MRI diagnosis of hemimegalencephaly had extensive meningioangiomatosis on histopathology. Of the 87 patients with encephalomalacia on MRI, 30 showed additional features of cortical malformation on histopathology, usually in the form of cytoarchitectural abnormalities.
Longitudinal seizure outcome. The Kaplan-Meier survival curves in figure 2 illustrate the seizure-recurrence rates on follow-up. The estimated seizure freedom was 86% (63%) at 3 months, 78% (63%) at 6 months, 76% (63%) at 1 year, 71% (63%) at 2 years, and 63% (64%) at 5 years and beyond. The majority of seizure recurrences occurred early within 6 months after surgery. In fact, for patients who were seizure-free 6 months after surgery, the chances of remaining completely seizure-free were 98% (61%) at 1 year, 92% (62%) at 2 years, and 81% (64%) at 5 to 10 years (figure 2B). Similar outcome was noted in patients who were seizure-free for 1 year (figure e-1 on the Neurology ® Web site at www.neurology.org).
Seizure burden in the recurrence group. Of the 58 patients with seizure recurrence, 8 patients achieved "late remission" defined as seizure freedom for at least 1 year at last follow-up; another 16 had .90% reduction in seizures (figure 1). Overall, 136 patients (80%) were either seizure-free or had obtained .90% improvement at the last follow-up. Information regarding impact of surgery on seizure burden, emergency room visits, and history of falls was available in 47 of the 58 patients with seizure recurrence. Thirty-four of 47 patients (72%) reported less severe seizures (reduced intensity and frequency) and/or less frequent emergency room visits. Flow chart showing the study group seizure outcome after hemispherectomy a Patients in this group were free of their habitual preoperative seizures, but families reported spells that were later found on video EEG to likely be nonepileptic. b These 8 patients were seizure-free for $1 year at last follow-up.
Postoperative Using survival analysis, longitudinal seizure outcome curves were drawn for each of these independent predictors (figure 2, C and D). Seventy-two percent of patients with unilateral PET abnormality were seizurefree as opposed to 44% with bilateral PET abnormalities. Only 29% were seizure-free when patients had both risk factors-bilateral PET abnormalities and APOS.
DISCUSSION In this series of 170 patients, the estimated rate of seizure freedom after hemispherectomy was 78% at 6 months, 76% at 1 year, 71% at 2 years, and 63% at 5 years and beyond. At last follow-up, an additional 14% had major improvement in seizure control (few seizure-free) amounting to 80% of patients becoming seizure-free or significantly improved after surgery. Previously reported seizure-free rates range from 65% to 80% from 4 large series (n 5 84-115). [1] [2] [3] 5 One study reported a decrease in seizure-free rates from 76% at 1 year to 58% at 5 years.
1 These seizure-free rates were similar to the findings in our study. One study "did not find any change in the long-term outcome" over 2 to 11 years after surgery 3 ; this may be attributable to differences in selection criteria, surgical techniques, and also a liberal definition of "good outcome" as opposed to seizure freedom. In our study, the rate of seizure freedom decreased by 
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20% within the first 4 months and then it took 5 more years to decrease by another 20%. In other words, more than half (54%) of those who failed hemispherectomy did so within the first 4 months of surgery, followed by a slower rate of failures between 1 and 5 years after surgery, and plateau beyond 5 years. The seizure-free rates at 1 or 2 years seem to be similar across the studies despite different techniques of hemispherectomy such as hemidecortication, 2 vertical parasagittal hemispherotomy, 3 AH, and FH. 1, 11 After multivariate analysis, we identified 2 predictors of seizure outcome: bilateral PET abnormalities and APOS. As noted in previous studies, we did not find any correlation of seizure-free outcome with gender, 11 age at surgery, 1,11 age of seizure onset, 11 etiology, 1,3,5,11 side of surgery, 11 seizure semiology, 5 interictal EEG abnormalities, 5, 11 and bilateral MRI abnormalities. 5 Etiology and bilateral MRI abnormalities merit further discussion because they were correlated with outcome in 2 previous studies.
2,11
One earlier report 2 suggested less favorable outcome in patients with dysplastic malformations but this has not been observed in other studies. 1, 3, 5, 11 This may be of interest because children in this study 2 underwent hemidecortication unlike the diverse procedures performed in the other large series. 1, 3, 5, 11 It may be that different pathologies are served better by different types of a Data are n or n (%). b Nine patients had multilobar resection, 6 had lobar resection, and 3 had multiple large surface subpial transections before hemispherectomy. One patient had multilobar resections with callosotomy. Four patients had a vagus nerve stimulator implanted (not listed in table) . c In 7 patients, absence of APOS was not positively documented. hemispherectomy, accounting for differences in outcomes. In our study, children with hemispheric malformations were more likely to receive AH or MAH but there was no sufficient data in our study to support the notion that this influences the outcome. It appears that we favor more tissue resection in children with malformation, and because of this selection bias, we may have eliminated our chance to find the impact of the interaction between etiology and surgery type over the outcome. Contralateral hemisphere abnormality on MRI is a common cause for concern when selecting candidates for hemispherectomy. An earlier study of 110 children from our center did not find a correlation between such contralateral abnormalities and seizure outcome. 5 This earlier study analyzed all abnormalities, including subtle sulcation abnormalities, in a blinded manner and hence found higher incidence of overall abnormalities. Another study of 43 patients reported poor outcome in patients with contralateral "unambiguous" MRI abnormalities; 5 of 11 patients with such abnormalities were seizurefree as opposed to 28 of 32 without overt contralateral abnormalities. 11 In our study that included patients from the previous report, 5 the abnormalities on the contralateral hemisphere were obvious and unequivocal, detected during routine MRI interpretation in a clinical practice setting. We did not find any correlation with outcome irrespective of the severity and extent of abnormalities over the contralateral hemisphere. These findings suggest that candidates for hemispherectomy should not be rejected based on contralateral MRI abnormalities alone. It is also conceivable that the clinical and electrophysiologic data in our patients may have strongly supported unilateral hemispheric epileptogenicity, hence the decision to proceed with hemispherectomy despite abnormalities in the opposite hemisphere.
We found that the bilateral abnormalities on the FDG-PET were predictive of poor seizure-freedom rates (table 3 and figure 2C ). None of the previous large series of hemispherectomy reported the FDG-PET findings in their study. [1] [2] [3] 5 In a small series of 18 infants with hemispherectomy, no correlation with outcome was found with bilateral PET abnormalities; 3 patients had bilateral PET abnormalities in that series. 13 In another study of 8 children with hemimegalencephaly, 4 had abnormalities on the opposite hemisphere. Authors reported a "general correlation between the pattern of glucose utilization in the less affected hemisphere and prognosis." 15 Findings from our study indicate that hypometabolic abnormalities noted on the FDG-PET may be a more reliable marker of potential independent epileptogenicity in the contralateral hemisphere than the structural abnormalities noted on the brain MRI.
In our study, 31 of 163 patients (19%) had APOS, and 22 of the 31 with APOS (71%) continued to have recurrent seizures on follow-up. APOS seem to be the first indicator of failed surgery in the majority of the patients in our study. One earlier study on APOS in extratemporal resections and hemispherectomy reported APOS in 8 of 59 children with hemispherectomy (14%) and correlated APOS with poor outcome. 16 Another pediatric series with predominantly focal resective surgery found a similar correlation. 17 Other previous large studies on hemispherectomy did not report the frequency or significance of APOS. [1] [2] [3] 5 We found "transient" APOS in only 9 of the 31 patients (29%) in our study. Our study also suggests that APOS after hemispherectomy may not be disregarded as "benign" or "irrelevant to long-term outcome"; patients with APOS warrant early assessment of failed surgery.
There are 2 explanations for seizure recurrence after hemispherectomy-seizures from the operated hemisphere due to incomplete disconnection (surgical failure), and/or seizures from the opposite hemisphere due to independent contralateral hemisphere epileptogenicity. Postoperative MRI, seizure semiology, and video EEG are often confusing after failed FH and a decision to proceed with anatomical removal of the residual hemisphere to ensure complete disconnection may be reasonable. 13 In our series, reoperation after failed hemispherectomy was successful in 35% of patients, and after failed focal resection was successful in 78%. Thirty-five percent reoperation success after the first hemispherectomy implies incomplete disconnection, and persistence of seizures in 65% suggests that the intrinsic epileptogenicity in the other hemisphere could be a major reason for the failure. Hence, while evaluating candidates for hemispherectomy, the emphasis should include analysis of the abnormalities in the opposite hemisphere that may indicate independent epileptogenicity. Our study indicates that preoperative FDG-PET abnormality may be an additional indicator of potential epileptogenicity in the contralateral hemisphere.
We report the largest single-center experience on hemispherectomy for medically refractory epilepsy in children. The long-term seizure-free survival after hemispherectomy was 63% at 5 years and beyond. Most children who fail hemispherectomy do so within 4 to 6 months after surgery. Bilateral FDG-PET abnormalities and APOS were independently predictive of poor outcome. There was no perioperative or postoperative mortality; however, we did not collect data on other complications. Our findings will assist in selection of candidates for hemispherectomy, presurgical counseling, and timely evaluation of patients who have seizure recurrence. 
